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Potential Controllers of Energy Transfer
I’ve come to set a twisted thing straight
Suzanne Vega
In the previous chapters excitation energy transfer (EET) has been discussed in two dif-
ferent supramolecular systems. The following chapter deals with photochromic switches
that may be used to photochemically regulate EET and/or electron transfer between
different units in (supra)molecular systems.1–3
Photochromism is defined as a reversible photo-induced chemical reaction during
which optical, dielectric and conformational properties of molecules change. The dif-
ferences in the properties of the states of the photochromic switch can be exploited to
give the switch a variety of functions.1,4–6 In order to fulfill these functions properly,
photochromic switches should be highly photostable, photoconversion between the dif-
ferent chemical states of the switch should be highly efficient and the interconverting
states should be thermally stable. Among several classes of molecular photochromic
switches that have been developed, bisthienylcyclopentenes (BTCPs, Fig. 6.1)7,8 are the
most promising. Besides the necessary high thermal and photostability, BTCP-based
compounds feature remarkable switching sensitivity (high quantum yield) and rapid re-
sponse.7–10 The most commonly used switches with a perfluorinated cyclopentene ring
were originally developed in the group of Irie;8 in the Feringa group in Groningen a syn-
thetic route was developed for the perhydro-variant that allows to produce the switch in
large quantities from cheap starting materials.11–13
The chemical structures of 1,2-bis(2-methyl-thien-3-yl)cyclopentene in the open- (O)
and closed- (C) ring configurations are presented in Fig. 6.1. Ground-state interconver-
sion between the isomers is prohibited but upon UV-irradiation O converts to C. As
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Figure 6.1: Molecular structures and photoconversion of bisthienylcyclopentene-based pho-
tochromic switches. For the system investigated here, R = R ′ = C6H5.
a consequence of the near-planar geometry of the tetraene moiety in C, pi-conjugation
spreads throughout the molecule resulting in the appearance of a new red shifted absorp-
tion band, as can be seen in Fig. 6.4. Upon visible irradiation this conjugation is broken
again by opening of the ring to yield the initial open form O.
In this chapter we will try to reconstruct the sequence of events following excitation
of the open form of the particular switch with phenyl substituents (1,2-bis(5-phenyl-2-
methyl-thien-3-yl)cyclopentene or B-DTCP) in some detail. We will do this by comparing
the results of pump-probe measurements on the B-DTCP system to different quantum
chemical calculations performed on bisthienylcyclopentenes. In addition, the switching
behaviour will be compared to that of a widely used analog possessing a perfluorinated
cyclopentene bridge. The chapter is organized as follows: after the introduction in section
6.1, B-DTCP and its linear optical properties are introduced in section 6.2. The results
of femtosecond pump-probe and transient anisotropy experiments on B-DTCP are then
presented in section 6.3. These results are discussed and related to different theoretical
calculations in section 6.4. Finally, the influence of perfluorination of the cyclopentene
bridge will be investigated in section 6.5.
6.1 Introduction
The now widely used bisthienylcyclopentene switches result from a decade of intensive
research. The considerations involved in the design of these molecules will be briefly
reviewed here.





The mechanism of this reaction is predicted by the Woodward-Hoffman (W-H) orbital
symmetry conservation rule,14 which states that during concerted single-step reactions


























Figure 6.2: Frontier molecular oribitals of HT in the ground and HOMO-LUMO excited
state as well as their orbital correlations for ring closure under Cs (left) and C2 (right)
symmetry.
symmetry elements present throughout the reaction step.
In the original WH method, symmetry conservation of only the frontier orbital (the
highest occupied orbital) was considered. The main idea is clarified is Fig. 6.2, which
gives a pictorial representation of the frontier orbitals of CH and HT in the ground and
first (HOMO-LUMO) excited state. The center column in Fig. 6.2 shows the orbitals of
the (all-cis) open-ring conformer, while those of the closed-ring conformer are shown in
both the left and the right column. During the ring closure reaction of HT, symmetry
may be conserved with respect to either the (σv) mirror plane (symmetry species Cs, left
column) or the C2 axis (C2 symmetry, right column) of the molecule, and the frontier
orbital correlations are shown for both the Cs and C2 cases.
First consider the ground state. The HOMO is the frontier orbital. It can be seen that
its energy goes up when the ring closure proceeds under C2 symmetry due to resulting
negative overlap between the terminal carbon atoms, whereas its energy is lowered under
Cs symmetry due to positive overlap. In the excited state, when the LUMO is the consid-
ered frontier orbital, the opposite holds. Therefore the correlations of the frontier orbitals
suggest that barrierless ring closure can occur in the ground state under conservation of
Cs symmetry, and in the first excited state under conservation of C2 symmetry. The ac-
tual ‘transformation’ of the orbitals proceeds via mixing with other orbitals of the same
symmetry. Because orbital mixing results in either a counterrotation or a conrotation
of the terminal substituents of HT, these reaction pathways are termed disrotatory and
conrotatory, respectively.
A more realistic picture of the reaction is obtained from a full state correlation dia-
gram, which takes into account the energies of all occupied pi-orbitals in a given electronic
state as well as the non-crossing rule for states of the same symmetry.15 A state correla-
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Figure 6.3: State correlation diagrams for HT vs. CH under conservation of Cs (left) and
C2 (right) symmetry. The grey curve qualitatively indicates the excited-state potential energy
surface obtained from quantum chemical calculations.
tion diagram for the HT to CH interconversion containing a minimum of electronic states
is shown in Fig. 6.3.
It becomes clear from diagrams 6.2 and 6.3 that ’symmetry allowedness’ is directly
related to the absence of a transition state with an energy above that of the initial and
final states, as is the case for the 1A1 ground state under Cs and for the 1B2 excited state
under C2 symmetry. This indicates that the W-H rules can make predictions for reactions
even when no strict symmetry is present. On the down side, steric interactions between
subtituents can prevent/promote the symmetry allowed/forbidden pathway, making the
W-H rules less useful in the presence of bulky side groups. In addition, the predictive
power of the rules is expected to be weaker for excited state reactions, as the LUMO is
only singly occupied.
Early valence bond calculations on the excited-state butadiene to cyclobutene ring
closure by Van der Lugt and Oosterhoff16 showed in fact that at conformations interme-
diate between that of the open-and closed-ring ground states, the energy of the doubly
excited 2A1 state goes to a value below that of the singly excited 1B2 state, as indicated
by the grey curve in Fig. 6.3. Thus, the overall reaction pathway of both the ring closure
and opening should be: population of the bright 1B2 excited state, followed by relaxation
to the doubly excited 2A1 state and subsequent relaxation via an avoided crossing with
the ground state potential energy surface. Detailed CASPT2 calculations17–19 have left
this picture largely unchanged except for the fact that ground state population proceeds
via a conical intersection at an energy slightly above that of the avoided crossing. It was
also noted that, while the (femtosecond) ring-opening by means of cleavage of the center
carbon-carbon bond proceeds within the 1B2 state, the ring closure should proceed only
in the final step of ground-state formation.17
Recent time-resolved pump-probe measurements have identified the rates of the reac-
tion steps. In the gas phase, the ground state of HT is produced with a time constant
of 77 fs20 after excitation of CH. Even in (cyclohexane) solution the ground state of HT
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is produced with a time constant τ2A1−1A1 of ca. 250 fs.
21 The reverse reaction proceeds
similarly with τ1B2−2A1 = 200 ± 50 fs.22 The ultrafast production of the ground state
confirms the idea that a low-energy conical intersection plays a major role in the final
reaction step. Additionally, from resonance Raman measurements it is clear that the
transition to the 2A1 potential energy surface proceeds with a time constant τ1B2−2A1
= 10 fs,23,24 while for the cyclisation reaction τ1B2−2A1 = 20 fs.
25 These very small time
constants indicate that hardly any nuclear displacement occurs within the initially excited
(1B) state and that the 1B and 2A excited states are in fact nearly degenerate.
The full switch molecule is a much larger structure that accommodates thermally stable
as well as spectrally separated states; the relevant structural additions will be discussed
next. First of all, the switch features cyclopentene and thiophene rings that prevent the
formation via cis-trans isomerisation of trans-conformations. However, DTCPs in the
open form still possess rotational freedom around the single bonds connecting the thio-
phene and cyclopentene rings. NMR measurements on some members of the diarylethene
family26,27 have shown that as a result of this, 2 open-form conformations exist in so-
lution in a near 1:1 ratio. In one of the conformers the two central CH3-groups point
in the same direction (providing Cs-symmetry), in the other in opposite directions (C2-
symmetry). The central cyclopentene ring in principle breaks these symmetries, but it
is still useful to discuss the level structure and dynamics of B-DTCP in terms of the
(approximate) symmetries. Based on the W-H rules, the C2 conformer is expected to
undergo conrotatory ring closure in the excited state.
Next, the methyl groups attached to the central thienyls (Fig. 6.1) are added to provide
chemical stability against hydrogen elimination in the presence of oxygen,8 which would
fix the switch in the closed-ring form. They also provide a barrier to ground-state ring
closure in the Cs conformation via steric hindrance. Increased steric hindrance induced by
replacement of the methyl groups with bulky isopropyl28 or cyclohexyloxy29 substituents
even raised the energy of the Cs conformer in the open form so much that its molar fraction
was reduced from ca. 0.5 to <0.1.
Finally, the inclusion of the aromatic thienyl groups serves two purposes. First of all,
quantum chemical calculations show that the energy of the closed form is generally higher
than that of the open form.30–32 Thermal stability of the closed form therefore depends
on the barrier height (see Fig. 6.3), which itself depends on the energy difference between
open and closed form. This energy difference can be changed by tuning the aromatic
stabilization energy of the side groups in the open form, and it was concluded that the
smallest energy difference was obtained for thienyl and furyl groups.32 An additional
effect of the thienyl groups is the lower excitation energy of the closed form of the switch
due to the larger pi-conjugation area. This allows to adress the open form of the switch
separately from the closed form.
105
Chapter 6. Photochromic Switches
In the last decade many experimental investigations on the switching dynamics of var-
ious bisthienylperfluorocyclopentenes were performed, including both ring-closure33–38
and ring-opening30,39–41 reactions. The time constants reported in literature for ring-
opening reactions vary from 2.2 ps39 and <10 ps35 to 30±10 ps41 and 325 ps,30 while
ring-closure times are substantially shorter and much less spread with time constants
ranging from 1 to 3 ps.36–38,42 This, together with the low quantum yields of the ring
opening reaction and near unity quantum yields for the ring closure reaction,8,26,28,34,43
is an indication that the opening involves crossing a barrier on the excited-state potential
energy surface but that the cyclisation occurs without a barrier∗.
Whereas ab initio calculations44–46 indicate that the ring closure reaction proceeds via
a dark 2A1 state as in the case of the simple HT to CH reaction, dark intermediates were
not found from semi-empirical calculations.1,34 Indeed, no intermediates in the pathway
of the ring-closure reaction were observed by Ern et al.42 in the case of 1,2-bis(5-formyl-
2-methyl-thien-3-yl)perfluo-rocyclopentene, by Ohtaka et al.36 in the case of diarylethene
derivatives with terthiophene and by Owrutsky et al.37 in the case of 1,2-bis(5-pyridyl-
2-methyl-thien-3-yl)perfluorocyclopentene. In contrast, for a diarylethene structure with
thiophene oligomers as side groups, Tamai et al.38 reported the rapid (ca. 100 fs) formation
of an intermediate state, followed by ring closure with a time constant of about 1.1 ps. In
that study the nature of the excited states was not discussed. Electronic-conformational
relaxation to a precursor state on a time scale of about 0.9 ps, followed by ring-closure
with a time constant of about 10 ps, was also reported by Ern et al. in the case of 1,2-
bis(5-anthryl-2-methyl-thien-3-yl)perfluorocyclopentene,34 while recently the existence of
a precursor to the ring closure which is formed within less than 1 ps was also reported by
Bens et al. for a bisthienylethene with a large pi-electron system.47
All measurements on the ring closure dynamics reported so far were performed with a
time resolution of a few hundred femtoseconds. In this chapter, the results of spectroscopic
studies on the switching behavior of B-DTCP with a time resolution below 100 fs are
presented. In this way the presence or absence of precursor states to the ring closure
reaction itself can be unequivocally established. The work presented here is also the first
study of bisthienylcyclopentene switches possessing nonfluorinated cyclopentene moieties.
Later in the chapter (Sec. 6.5) the connection with the better known perfluoro-switches
will be made.
Since the ring closure by definition is related to conformational changes in the molecule,
a second goal of our studies is to trace the orientational dynamics in the switch molecule
during the ring closure reaction. This should provide important information on the
mechanism of the switching process. The nature of the electronic states, involved in the
ring closure reaction, is established by comparing the experimental results to electronic
structure calculations.
∗As the ring-opening is Woodward-Hoffman allowed and the barrier was not observed in the case of
the CH to HT ring opening, it is thought to be related to strain generated by the framework consisting
of the cyclopentene and thiophene rings.
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Figure 6.4: Steady-state absorption spectra of B-DTCP in the open form (solid line), B-
DTCP in the closed form (dotted line) and the BT chromophore (dashed line) that constitutes
the side groups of B-DTCP. The solvent is cyclohexane.
6.2 Linear optical properties and photoconversion path-
ways
The steady state absorption spectrum of the open form of B-DTCP, dissolved in cyclo-
hexane, is presented in Fig. 6.4. In addition the steady-state absorption spectrum of the
2-phenyl-5-methyl-thiophene (BT) chromophore (0.1mM solution in a 1 cm quartz cell)
is given. The difference between the shapes of the steady-state absorption spectra of B-
DTCP and the BT chromophore indicates an electronic interaction between the two BT
groups in the open-ring molecule. However, the fact that the energies of the lowest-energy
allowed transitions are similar in both cases implies that the interaction is rather weak.
Upon photoexcitation in UV (extinction coeff. εO,310 = (21.2±0.3)·103 Lmol−1cm−1),
the open form is converted into the closed form, resulting in the appearance of a new
red shifted absorption band. Because of non-zero absorption of both the open and closed
forms in the UV spectral region, upon UV irradiation the ring-closure and ring-opening
take place simultaneously. This leads to an equilibrium situation determined by the
relative quantum yields φOC and φCO of the ring closure and ring opening reactions,
respectively, and results in an absorption spectrum that is determined by both the open-
ring and closed-ring conformers. The ratio between the number of B-DTCP molecules
in the open-ring and closed-ring forms for a given sample can be determined by proton
NMR spectroscopy. Using this ratio, the steady state absorption spectrum of the closed
form (εC,550 = (16.6±0.3)·103 Lmol−1cm−1), also shown in Fig. 6.4, is obtained by sub-
tracting the open-form absorption spectrum from that of the mixture of closed-ring and
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Figure 6.5: Photoconversion pathways. The optical density at 550 nm is plotted as a func-
tion of the irradiated energy at 315 nm. In the inset, which shows the initial part of the
photoconversion, the values on the x- and y-axis have been converted to numbers of absorbed
photons and numbers of closed-form molecules, respectively (see text)
open-ring molecules.
In order to determine φOC and φCO, a 0.14mM solution of B-DTCP in cyclohexane
was irradiated by 300µW of UV light at a wavelength of 300 nm, while monitoring the
build-up of the lowest-energy absorption band of the closed form with a weak probe
at 550 nm; this is shown in Fig. 6.5. The known ratio between the number of B-DTCP
molecules in the open-ring and closed-ring forms allows us to convert the observed optical
density into the number of absorbing molecules. The slope of the absorption curve thus
obtained gives the value of 0.6±0.1 switched molecule per absorbed photon (the error is
mainly determined by the accuracy of the measurement of the power of the excitation
light). By taking into account that of the two open-form conformations present in the
sample only the one having C2 symmetry can photoswitch, and that interconversion
between the two forms by rotation of the side arms is a slow process on the time scale
of switching, we can conclude that the ring closure quantum yield of the C2 conformers
is very close to one. The observed quantum yield was found to be independent of the
excitation wavelength in the spectral region 290–330 nm, suggesting that barrierless ring
closure takes place.
The quantum yield of the reverse reaction upon excitation at 300 nm can be obtained
from the irradiation data presented in Fig. 6.5 by fitting the data to a model for the
photoconversion pathways. From Fig. 6.5 it can be seen that the photostability of the
switches (usually named fatigue resistance) is limited. According to Higashiguchi et al.
48,49 the main decomposition pathway is from the excited state of the closed form, which
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where O, C and D represent the open, closed and ’decomposed’ forms of the B-DTCP
molecules, and kOC, kCO and kCD are the rate constants of ring-closing, ring-opening
and photodecomposition, respectively. This model predicts a biexponential evolution
of the concentrations C and D; the corresponding rate constants k1 and k2 represent
the growth in absorption and its decay, respectively, and are related to the physical
rates by k1 + k2 = kOC + kCO + kCD and k1k2 = kOCkCD. Biexponential fits of the
550 nm absorption curves presented in Fig. 6.5 yield rate constants k1 = 5.5 ·10−3s−1 and
k2 = 3.1 · 10−5s−1, which shows that decomposition is slow compared to the approach to
equilibrium between O and C.
Under the assumption kCD  kOC, kCO, the fraction of C at equilibrium was found
to be 0.89. Using both φOC and this equilibrium fraction, φCO was then estimated to
be 0.13± 0.05.
The observed quantum yield of the ring opening of B-DTCP obtained here is rougly
10 times higher than is generally reported for DTCPs (see for instance Refs. 8,26 and 50).
However, it is known that φCO increases with the excitation frequency within the lowest
excited state.33,50 In addition, Miyasaka et al.40 found that upon multiphoton (2-step
sequential) excitation of the closed form (excitation wavelength 532 nm) φCO increases
by up to 50 times, from 0.013 at low excitation intensity26 to 0.7 at high intensities
(about 7 photons/molecule). Our finding is consistent with these observations, and can
be explained in two ways: either for some higher-lying states the potential energy barrier
to ring opening is smaller than for S1, or the larger amount of vibrational energy dumped
in the molecule allows the switch to overcome the barrier that is present in the S1 state.
From the above it is clear that during the time resolved experiments on the ring closure
process, molecules in the open form are continuously being converted into the closed form.
This means that finally both types of molecules will be excited by the pump pulses,
which considerably complicates the interpretation of the observed transients. However,
at low irradiation doses and not too small sample volume, the net effect of this build-up of
photo-product is limited and we can assume that only the forward reaction is probed. The
average laser power in the pump-probe experiments is about 70µW, which is equivalent
to 1·1014 photons/s. With an optical density of 0.3 at the excitation wavelength and a
switching probability of 0.5, this leads to the creation of 2.5·1013 molecules in the closed
form per second. Initially, the flow system contains 30mL solution of the molecules in
the open form at a concentration of 0.7mM, meaning that the total amount of switch
molecules is about 1.3·1019. If we take as the acceptable limit for contamination of the
solution the situation that at most 5% of the molecules are in the closed form, the sample
can be irradiated for about 2.6 · 104 seconds (7 hours) before replacement is necessary.
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Figure 6.6: Normalized pump-probe transients for B-DTCP in cyclohexane at different
probe wavelengths. Probe wavelengths are indicated in the panels. Areas corresponding to
preswitching, ring closure and postswitching dynamics are marked grey, white and striped,
respectively.
6.3 Ultrafast dynamics
The ultrafast dynamics of the ring closure reaction has been studied by us in detail using
polarization sensitive pump-probe spectroscopy. Fig. 6.6 gives an overview of the reaction
by showing four typical pump-probe transients obtained after excitation of the open form
at 310 nm. At all probe wavelengths, the dynamics can be separated into three regimes:
first, ultrafast dynamics (0–0.5 ps) is observed over the whole 360–700 nm spectral region,
then a 4.2 ps decay occurs with varying amplitude throughout the investigated spectral
region, and finally some slower absorption changes occur on a few tens of picoseconds
time scale. In the following sections, we will refer to these three regimes in the observed
transients as pre-switching dynamics, ring closure, and post-switching dynamics. The
arguments for these assigments will be presented below and more extensively in the
Theory and Discussion section (Sec. 6.4).
6.3.1 Pre-switching dynamics
The experimentally observed ultrafast part of the pump-probe response is summarized
in the contour plot of Fig. 6.7. In Figs. 6.8a and 6.8b slices of this contour plot are shown
along the frequency and time axes, yielding transient absorption spectra at particular
delays and pump-probe transients at particular wavelengths, respectively. Following the
spectra in time, a number of important observations can be made. First of all, the initial
photoinduced absorption spectrum (at a pump-probe delay of 0 fs) is situated in the
spectral region 430-480 nm. As shown in the top left frame of Fig. 6.8a, this spectrum
closely resembles the photoinduced spectrum of the individual BT chromophores that
constitute the side groups of the switch, again confirming that the different parts of
110
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Figure 6.7: Contour plot representing the subpicosecond dynamics of B-DTCP in cyclo-
hexane. The change in OD is plotted as a function of probe wavelength (vertical axis) for
pump-probe delays up to 650 fs (horizontal axis). ∆OD is positive at all wavelengths; darker
shading indicates larger ∆OD.
the molecule are only weakly coupled when the switch is in the open form. Similar
observations were made by Tamai et al.38 and Owrutsky et al.37
Second, while the initially excited band rapidly decays, a red-shifted photoinduced
absorption band in the 550–700 nm spectral region builds up on the same time scale. This
precursor-successor relation is modified by a rapid spectral blueshift of the newly formed
band from about 650 to 500 nm, during which also line broadening together with a small
drop in intensity occurs. These fast spectral changes do not occur upon excitation of a
single BT molecule, which means that they are related not to intra- but to interchro-
mophore conformational changes. After a few hundred femtoseconds, no spectral changes
occur anymore, as can for instance be seen from the right middle and bottom panels in
Fig. 6.8a, where it is shown that the 500 fs and 2.5 ps transient spectra are practically
identical. Only an overall decay of the spectrum on a picosecond time scale is observed,
which, as we will argue below, is related to the process of ring closure.
In order to parameterize the dynamics, a simple phenomenological model was adopted,
and the pump-probe transients, such as those displayed in Fig. 6.6, were fitted globally.
According to the model, the measured signal at probe frequency ω during the first few
picoseconds when the post-switching dynamics can be neglected is expressed as:
SSW(ω, t) = gpre(ω) · e−kpst
+ gsuc(ω, t) · (1− e−kpst) · e−kclt (6.1)
+ gcl(ω) · (1− e−kclt)
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Figure 6.8: a. Transient absorption spectra of B-DTCP in cyclohexane at different probe
delays. The solid lines are added as a guide for the eye. The dashed line in the upper left
panel represents the transient absorption spectrum of the BT chromophore. b. Pump-probe
transients of the same sample. The solid lines are fits according to the model presented in
equations 6.1 and 6.2.
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Here, gpre(ω) is the photoinduced absorption spectrum of the initially excited state (the
precursor), gsuc(ω, t) is the photoinduced absorption spectrum of the state that appears
with a small delay (the successor) and gcl(ω) is the absorption spectrum of the closed
form of the molecule, that appears on a picosecond time scale (vide infra). The precursor
goes over to the successor with rate constant kps, while the ring closure rate constant is
kcl.
The spectra g(ω) can, in principle, be obtained from global fitting of the data. For
the precursor and closed form of the molecule this is not difficult, since they dominate
the spectrum at extremely short and long delay times, respectively. For the successor
state the uncertainty is larger, although there is a spectral region (550–700 nm) where
the induced absorption is dominated by this state.
In Eq. 6.1, the following assumptions are made: first, it is assumed that the timescales
of preswitching and ring closure are separable. Second, the spectra gpre(ω) and gcl(ω)
of the precursor and the ground state of the closed form are considered to be stationary,
while the spectrum gsuc(ω, t) is explicitly time dependent due to the rapid blueshift
and line broadening that is observed in Figs. 6.7 and 6.8a. Therefore we approximate
gsuc(ω, t) by an exponentially shifting and broadening gaussian with central frequency
ωc(t) = ω0 + ωbl · (1− e−kblt) and line width ∆ω = ∆ω0 + ∆ωbl · (1− e−kblt). ωbl
and ∆ωbl are the amount of blueshift and line broadening, respectively, and kbl is the
rate constant of the process.
In the fitting procedure, the kinetic parameters were found to be k−1ps = 70±15 fs for
the conversion from the initially excited state to the successor state, k−1bl = 150±30 fs for
the spectral dynamics of the successor state, and k−1cl = 4.2±0.6 ps for the ring closure.
This shows that the previously made assumption that the timescales for the processes
kps and kcl are separated is more or less valid.
The model just described gives good results on the red side of the pump-probe spec-
trum, but yet another dynamical process has to be added in order to explain the transients
to the blue of 500 nm. From 410–490 nm, a 325 fs decay component was observed, while
from 350–380 nm a delayed growth of the signal with the same time scale occurs. This
can be modelled by adding to Eq. 6.1 two more terms:
SNON−SW(ω, t) = gpre(ω) · e−kpnt + gnsw(ω) · (1− e−kpnt) (6.2)
We believe this process to be totally unrelated to the switching from the open form to the
closed form of the molecule. One reason for this conjecture is that in these wavelength
regions absorption bands appear that do not display any dynamics at the time scale of a
few picoseconds, as can be seen in Fig. 6.6. Therefore, the ring closure rate constant kcl
does not appear in Eq. 6.2. This indicates that we are observing transient contributions
from non-switching conformers of B-DTCP. As discussed above, when the geometry of
the side chains is such that the central CH3-groups provide too much steric hindrance
(Cs-symmetry), ring closure does not occur.
In Fig. 6.8b, representative fitting curves are shown which reproduce all details of
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Figure 6.9: Transient spectra of B-DTCP recorded at delay times of 3 (solid line) and 9 ps
(dashed line). The circles with error bars show the relative contribution of the 4.2-ps decay
process in the observed transients.
the dynamics and clearly demonstrate the success of the model. Both the processes of
the switching molecules (Eq. 6.1) and those of the non-switching molecules (Eq. 6.2) were
included in the global fitting routine. Since the timescale of the ultrafast dynamics is very
close to the time resolution of the experiments, the response functions were deconvoluted
from the experimental traces by using their crosscorrelation function, as measured by sum
frequency generation (for details see chapter 2). The final result is as described above:
both the switching and the non-switching conformers display dynamics at ultrafast time
scales (k−1ps = 70 fs and k
−1
bl = 150 fs for the switching ones and k
−1
pn = 325 fs for the
non-switching ones). However, on the time scale of a few picoseconds, only the switching
conformers show further spectral changes. These are related to the ring closure process.
6.3.2 Formation of the closed form
The ultrafast transients reported above are too fast to be associated with substantial
movements of large parts of the molecule. It is therefore unlikely that they reflect the
time scale of the ring closure, which involves movements in both the central ring of
the molecule and in the side chains. Instead, the time constant of τcl = 4.2 ps that is
present at all probe wavelengths >450 nm, but with a varying amplitude, is a more likely
candidate. The relative weight of this contribution to the observed transients as a function
of frequency is displayed in Fig. 6.9. It is clear that the dynamics occur predominantly
from the successor state, defined above, while around 430 nm a band appears that relaxes
much more slowly.
As was mentioned in the introduction, time constants in the range from 1 to 3 ps, were
reported by Tamai,38 Ern42 and Owrutsky37 in the case of ring closure of bisthienylperfluo-
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rocyclopentene derivatives. The main difference with these systems is the fluorination
of the central cyclopentene bridge. The difference in time constants indicates that the
fluorination speeds up the C–C bond formation.
The absorption band at 430 nm which does not display dynamics at a few picoseconds
time scale, suggests that there are species present that do not participate in the switching
process. As discussed in section 6.3, this is very likely due to molecules in the open
ring form with an approximate Cs conformation that prevents ring closure.8,26,27 The
photoexcitation of these molecules leads to rapid dynamics that is observable in the
blue part of the pump-probe spectrum, until a state is reached that apparently has an
absorption maximum at 430 nm.
At the probe wavelength of 700 nm, where only the successor state absorbs, the pump-
probe signal relaxes to zero exponentially with the time constant of 4.2 ps. Therefore, it
can be concluded that the switching efficiency of the conformers that are able to do so
is very close to one. When we also take into account that the value of φOC is 0.6 (see
section 6.1), it is confirmed that the ground-state equilibrium ratio between the switching
and non-switching conformations of the open form of the B-DTCP molecules is close to
1:1.
6.3.3 Post-switching dynamics
Fig. 6.10 displays photoinduced absorption spectra in the time window 10–100 ps. In
order to help visualize the spectral dynamics the spectra are normalized in the region 500–
550 nm. The main features are a decay of the absorption band at 430 nm, a narrowing
on the red side of the spectrum (550–620 nm), and an apparent red shift of the band
at about 520 nm. Although these effects are due to different phenomena, they occur
on similar timescales. At the longest recorded pump probe delay of 100 ps, the shape
of the photoinduced absorption spectrum begins to approach that of the ground-state
absorption of the closed form.
The band centered at 430 nm and attributed to the photoinduced absorption of the
non-switchable conformers has partially decayed but is still clearly recognizable at a
delay of 100 ps. This implies that the lifetime of the excited state of the non-switchable
conformers is in the order of a hundred picoseconds.
The narrowing on the red side of the spectrum is indicative of vibrational cooling,
which apparently also is not completed, yet, at a delay of 100 ps. The switching process
involves the radiationless transition of the successor state of the open form to the ground
state of the closed form. Consequently, there is a substantial amount of excess vibrational
energy in the hot ground state of the closed form, directly after the switching. The decay
constant associated with the cooling process is about 50 ps, as inferred from the data of
Fig. 6.10. This relatively low speed of cooling might originate from the large amount of
vibrational energy that needs to be dissipated. In this case the cooling process becomes
associated not only with the excitation of rotational modes of solvent molecules in the
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Figure 6.10: Transient spetra at delays of 10 ps (bold line) and 100 ps (regular line). The
spectra are normalized in te spectral region 500–550 nm. The steady-state absorption spec-
trum of the closed form is added for comparison. The dashed and dotted arrows indicate
the decay of the band centered at 430 nm and the matching redshift of the band at 530 nm,
respectively. The solid arrow points out spectral narrowing as a result of vibrational cooling.
closest surrounding, but also with the distribution of the energy between the solvent
molecules via translational motion.
Finally, the apparent shift of the maximum of the absorption band at 520 nm is due
to the combination of both effects just discussed. Both the decay of the 430 nm band
of the non-switchable conformers and the narrowing of the spectrum due to vibrational
cooling of the hot ground state of the closed form molecules contribute to this effect.
6.3.4 Streak camera fluorescence
The picture of the ring closure sketched above is in accordance with results of time-
resolved fluorescence measurements. For the fluorescence measurements, the sample was
excited at 280 nm and the fluorescence was recorded using a streak camera system. No
spectral shifts are observed on a picosecond timescale. The integrated fluorescence decay
(Fig. 6.11a) was fitted using a biexponential function convoluted with the time resolution
of the experiments (5 ps). This yielded time constants of 4 ps and 145 ps, with 1% residual
absorption having a lifetime in the nanosecond regime and the same spectrum as the
145 ps component.
In Fig. 6.11b the amplitudes of the 4 and 145 ps components are plotted as determined
from the streak camera data over wavelength intervals of 20 nm. As can be seen from
Fig. 6.11b, the spectrum of the fast component is more redshifted than that of the slow



























Figure 6.11: a. Fluorescence decay in the 360–380 nm spectral region. Dots mark the
experimental fluorescence, the solid line is a fit using a biexponential function (time constants:
4 and 145 ps) convoluted with the instrument response (thin line) and a 1% residual. b. The
amplitude spectra of the 4-ps and 145-ps components, as indicated in the figure.
energy surface of the ‘switchable’ C2 conformer, as was inferred from the pump-probe
measurements. The 145 ps decay is attributed to depopulation of the excited state of the
non-switching conformer, most likely back to the ground state of the open form. Note
that, as the integrated 145-ps fluorescence is much larger than the 4-ps fluorescence, the
steady-state spectrum closely resembles that of the 145 ps component.
6.3.5 Orientational dynamics
More information about the ring closure process and the pre- and post-switching be-
haviour can be obtained from polarization sensitive measurements. In particular the
dynamics of the photoinduced anisotropy can reflect changes in the orientation of the
probed transition moments, for instance due to conformational changes in the molecule
when the switching takes place.
In general the photoinduced anisotropy relaxes to zero both through electronic and
nuclear rearrangements that alter the direction of the transition dipole moment, as well
as through rotational diffusion (see section 2.3).51–53 From Fig. 6.12a it is clear that
the anisotropy of B-DTCP displays ultrafast dynamics over the entire probe spectrum.
Determination of the initial value of the photoinduced anisotropy is difficult because of
the limited time resolution of these experiments and also because of possible coherent
coupling effects which may take place during the first tens of femtoseconds, within the
dephasing times of the optical transitions involved.54 Nevertheless, it is clear that in the
spectral region 460–510 nm the initial value of the photoinduced anisotropy is positive
and close to the theoretical maximum of 0.4, while on the blue side it is negative and
close to its theoretical minimum of -0.2. Apparently two optical transitions are probed
that are polarized parallel and perpendicular to the polarization of the excited transition,
respectively.
The kinetic parameters found for the orientational dynamics on femtosecond time
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Figure 6.12: a. Femtosecond dynamics of the photoinduced anisotropy at different probe
wavelengths (indicated in the panel). Dots represent experimental data; the solid lines are
biexponential fits with the time constants 70 and 325 fs obtained from population dynamics.
The time resolution is given in each case by the dashed lines. b. Anisotropy transients in
the picosecond regime, recorded at different probe wavelengths in the time interval 0–100 ps.
Experimental results are again indicated by dots; the solid lines are biexponential fits with
time constants 8 and 100 ps.
scales agree with those of the pump-probe transients discussed above. To the red of
500 nm only a 70 fs component is present, while to the blue both 70 fs and 325 fs decay
components are observed. The fits support the notion that these time constants are
related to the kinetics of two different species, and moreover show that the intermediate
is of a different symmetry than the initially excited state.
In Fig. 6.12b, the photoinduced anisotropy is followed on a picosecond time scale.
Biexponential fits of the curves give the following results: over most of the spectral range
the anisotropy rises with a time constant of 8 ps, before relaxing (via rotational diffusion)
with a time constant of &100 ps. In the upper left panel it is shown that around 410 nm,
where no switching dynamics was observed in the case of the pump-probe experiments
(see Fig. 6.9), the dynamical process with time constant 8 ps is absent. This indicates
that the 8 ps rise at the other wavelengths is related to the ring closure.
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The most straightforward assignment of the anisotropy changes is that they occur due
to population dynamics. After the ring closure has occurred, the ground-state spectrum
of the closed form is probed. The lowest-energy transition makes an angle of ca. 20 o with
respect to that of the open form, as can be inferred both from absorption measurements
in the single-crystalline phase by Kobatake et al.55 as well as from the transition dipole
moments calculated using the ZINDO/S method (Sec. 6.4). In solution a rotation over
this angle would result in an anisotropy of 0.33 (Eq. 2.33), higher than the 0.2 that is
probed at probe delays of ca. 1 ps; consequently the anisotropy should increase.
The decay of the fluorescence anisotropy on a picoscecond timescale (Fig. 6.13) shows
similar behaviour: the fluorescence anisotropy is ca. 0.2 at delays of ca. 1 ps, close to that
obtained in the case of the pump-probe measurements at probe wavelengths >460 nm.
The anisotropy further decreases on a few-picosecond timescale. This can readily be
related to the fact that when fluorescence from the switchable conformers decreases, the
observed anisotropy is increasedly determined by the nonswitchable conformers. The
upper panel in Fig. 6.12b already suggests that this anisotropy is low, ca. 0.06.
However, the time constant found for the















Figure 6.13: Fluorescence anisotropy as
a function of the delay (open dots). The
anisotropy is obtained in the 360–380 nm
spectral region, conform Fig. 6.11a. The
scaled magic angle fluorescence signal is
added for comparison (line).
increase of the pump-probe anisotropy is
significantly larger than that observed in
population dynamics, and also in the case
of the fluorescence anisotropy it can be seen
that the decay is delayed with respect to
the population dynamics. We therefore be-
lieve that the observed 8-ps component in
the transients of the photoinduced anisotropy
is at least partly determined by the mo-
tion of the thienyl wings of the B-DTCP
molecule towards coplanarity as a result of
the ring-closure. The lower limit for the
time constant of this "forced" movement
towards coplanarity is of course the switch-
ing time itself, i.e. 4.2 ps. However, we have
observed that directly after formation of the ground state of the closed form the molecule
is strongly vibrationally excited, and the actual movement towards coplanarity may be
slowed down. An indication for the size of this effect may be obtained from the reorien-
tation times of the individual BT chromophores, which we measured to be τor1 = 2ps
and τor2 = 18ps. The combination of torque induced by the ring-closure and moment
of inertia of the side groups may very well lead to the observed time constant of 8 ps
in the orientational dynamics, although the anisotropy changes are probably not strictly
exponential since the rotatory motion is not diffusive but driven.
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In conclusion, the observed dynamics of the pump-probe and fluorescence anisotropy
of the open- and closed-ring form can be combined into the following scheme: directly
after excitation, the C2 and Cs molecules are in similar excited states, the approximate
antisymmetric linear combinations of excitations on the BT chromophores (see Sec. 6.4).
In these excited states both the downward (fluorescence) and upward (photoinduced ab-
sorption) anisotropies are 0.4 (or, for perpendicular transitions, -0.2). After femtosecond
electronic relaxation, the Cs molecules are in a fluorescent state with (upward and down-
ward) anisotropies roughly equal to 0.06 and the C2 molecules in a fluorescent state with
(upward and downward) anisotropies of roughly 0.2. Then on a picosecond timescale the
anisotropies change at least in part due to forced rotational motion of the thienyl chro-
mophores towards coplanarity. The anisotropy finally decays to 0 via rotational diffusion.
6.3.6 Ring opening
Whereas the pump-probe dynamics of the ring closure are easily traceable because of the
high quantum yield of the reaction, the ring opening is difficult to detect. Ring opening
quantum yields upon excitation to the first allowed excited state of the closed form are
usually in the order of 1%. Consequently, the pump-probe dynamics is dominated by
deactivation to the ground state of the closed form. Ern et al.30,34 and Shim et al.41 have
therefore used the S0-S1 bleach recovery time of the closed form (k−1C ) and the ring-
opening quantum yield (φCO) to infer the time constant for the ring opening process




This of course supposes reaction kinetics of the type C ← C∗ → O. Here we obtain the
ring opening time directly by means of time-resolved fluorescence measurements on the
closed form of B-DTCP.
The measurements were peformed using the streak camera system described in chapter
2. The excitation wavelength dependence of φCO was inspected by exciting a B-DTCP
sample in the photostationary state at 280 and 465 nm. At 280 nm both the open and
closed forms are excited, but no problems of interpretation occur since the fluorescence
bands of the two states are spectrally separated. The overall decay of the fluorescence
can be accurately reproduced in both cases by a biexponential decay with time constants
of 90± 5ps and 850± 50ps (Fig. 6.14a).
The amplitudes of the 90-ps and 850-ps components in the decay are shown in
Fig. 6.14b. The profiles of both components are independent of the excitation wave-
length, but the relative amplitude of the 850-ps component is approximately 14 times
higher when exciting at 280 nm.
This allows us to draw the following conclusions: first, the two-component nature
of the fluorescence itself and the spectral differences between the two components show





























Figure 6.14: a. Integrated fluorescence decay of the closed form of B-DTCP for excitation
wavelengths 280 and 465 nm. Dots mark the experimental fluorescence, the solid lines are fits
using biexponential functions (time constants: 90 and 850 ps) convoluted with the instrument
response. b. The amplitude spectra of the 90-ps (squares) and 850-ps (circles) components,
plotted for excitation wavelengths 280 (closed) and 465 (open) nm. The amplitude of the
850 ps component after excitation at 465 nm is multiplied by 14.
closed-form species is excited. Therefore there must be a bifurcation somewhere in the
reaction path before the fluorescent states are produced. This is in accordance with the
first pump-probe study of Ern et al. on the ring opening process;39 there the authors
speculate that the two species are conrotatorily and disrotatorily twisted intermediates,
of which the former is a prestate to switching. Second, the fact that φCO increases with
the excitation frequency in the same way as the 850-ps fluorescence component shows
that the ring-opening process must occur (directly or via barrier-crossing) from the state
which fluoresces with a lifetime of 850 ps.
Finally, despite the fact that the average fluorescence lifetimes are similar for the open
and closed forms, we observed qualitatively that the integrated fluorescence intensity is
substantially lower than that of the open form; similar observations of the integrated
fluoresence were made by Kim et al.56 This indicates a lower oscillator strength of the
fluorescent state of the closed form. The most straightforward explanation is that fluo-
rescence occurs from a state of approximate A symmetry, which makes the fluorescent
transition symmetry-forbidden. The fact that the switch is more symmetric in the rigid
closed form would then result in a lower oscillator strength. This is in agreement with
the picture obtained from quantum chemical calculations (see Sec. 6.4).
6.3.7 Summary and conclusions from experiment
The switching behaviour of B-DTCP, which is based on reversible ring closure, was studied
in detail with femtosecond nonlinear optical experiments. The dynamics of the ring
closure reaction can be separated into pre-switching dynamics, the ring closure proper
and post-switching dynamics. After optical excitation, the system propagates through a
rather complicated sequence of electronic states.
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The overall picture of the ring closure reaction is as follows: first, the initially excited
state rapidly, with a time constant of 70 fs, relaxes to an electronic state of different
symmetry; second, relaxation on the potential energy surface of the latter state occurs
with a time constant of 150 fs; third, population relaxation to the hot ground state of
the closed form takes place with a time constant of 4.2 ps; fourth, the formation of the
central C–C bond induces rotation of the side groups of the molecule to a nearly coplanar
conformation, with a time constant of ca. 8 ps; finally, the vibrationally hot ground state
of the closed conformer relaxes to thermal equilibrium with a time constant of about 50 ps.
This completes the switching process. The non-switchable conformers, which lack the fast
deactivation channel formed by switching, remain excited for a much longer period and
return to the ground state of the open form with a time constant of 145 ps.
The reverse reaction, which has a much lower quantum yield, occurs with a time
constant of ca. 850 ps. This indicates the presence of a barrier between the initially
prepared and the reactive state.
6.4 Theoretical considerations
The experimental results of the previous section indicate that the switching dynamics
of B-DTCP is complicated when studied in detail. In particular, the 70-fs process is
so fast that nuclear displacements during that time can only occur over a very limited
excursion range, while the accompanying fast changes in the induced anisotropy indicate
that transitions between electronic states are involved rather than movements of part of
the molecule.
In order to interpret these experimental findings, the geometries, energy levels and
excitation spectra were calculated in the theoretical chemistry department in Groningen
using density functional theory and time-dependent density functional theory (for details
see Ref. 46).Over the last few years, the results of a number of similar potential energy
surface (PES) calculations on bisarylethene-type molecules have been published, both ab
initio and semi-empirical. The results of these calculations do not agree among each other,
and it will be necessary to discuss the differences between the theoretical interpretations of
our and other time-resolved measurements. Therefore we will compare the interpretation
obtained from the TD-DFT calculations to semi-empirical calculations on B-DTCP and
other DTCPs1,30,34 as well as to CASSCF calculations on smaller diarylethenes on which
C2 symmetry is imposed.45
6.4.1 A TD-DFT description of the reaction
Since TDDFT describes how the electron density changes in time under the influence
of a time dependent perturbation, and since this time dependent density will resonate
at the excitation energies of the system, linear response theory based on TD-DFT is
able to provide both these excitation energies as well as the corresponding oscillator
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strengths. As discussed before, the nomenclature of C2 symmetry will be used for the
switching conformer where the central CH3-groups point in opposite directions, while
Cs symmetry is assumed for the non-switching conformers with the central CH3-groups
pointing towards each other.
In Fig. 6.15a, the lowest electronic energy levels are depicted as a function of a reaction
coordinate. The reaction coordinate is defined as the distance between the two C atoms
in the central ring, that become bonded in the closed form. All other coordinates are
optimized for the lowest ground state energy at each position along this reaction coor-
dinate. Note that this path conserves the original C2 symmetry. Clearly, a high barrier
separates the open and closed form in the ground state, as predicted by the WH rules.
This explains why both are thermally stable and can only be switched into each other by
excited state pathways.
In the open form of the molecule, the low lying electronically excited states come
in almost degenerate pairs, each containing one state of the two possible symmetries A
and B. The first two excited states arise from charge transfer like excitations from the
central bond HOMO pi-orbital to the LUMO’s on the chromophore side chains. Since
the two chromophore pi-systems have very little interaction in the open form (they are
almost orthogonal to each other), the two chromophore LUMO’s combine to one orbital
of a symmetry and one orbital of b symmetry, leading to the two nearly degenerate
excited states 2A and 1B. Both transitions from the ground state have very low oscillator
strengths, since the HOMO and the LUMO’s are located in different parts of the molecule.
The corresponding transition is of course absent in the isolated chromophores, since the
central bond is then not present.
The second pair of excited states is of an entirely different character. They turn out
to correspond to the HOMO-LUMO transitions in the chromophores themselves. Again
both transitions combine to A and B states that are almost degenerate, due to the small
interaction between the chromophore pi-systems. In this case it is calculated that the 2B
state has considerable oscillator strength, while the 3A state is essentially dark. This
is easily understood when one realizes that 2B corresponds to an excited state that has
the approximate form |L → L∗〉 + |R → R∗〉, where L and L∗ are the left chromophore
HOMO and LUMO orbitals, and R and R∗ are the corresponding orbitals on the right
side of the molecule. For this state, the monomer transition dipole moments interfere
constructively, leading to large oscillator strength, while for the 3A state with character
|L→ L∗〉− |R→ R∗〉, the monomer transition moments interfere destructively. The lowest
energy optically allowed excitation of the open form of B-DTCP therefore is the 1A→ 2B
transition. Due to the weak coupling between the left and right part of the molecule, this
transition closely resembles the first excitation of the isolated chromophores. The pump-
probe spectrum at zero delay therefore is almost the same as in the isolated chromophores,
in accordance with the experimental findings (see Fig. 6.8a).
The rapid fluctuations in the immediate environment of the switch lead to symmetry
breaking and therefore coupling of the A and B states. Hence, the originally excited 2B
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Figure 6.15: a. TD-DFT Potential energy curves for the lowest electronic energy levels,
calculated for the B-DTCP molecule in C2 symmetry. A and B denote the two possible
different symmetries. For a definition of the reaction coordinate see text. b. Idem, but
optimized for the 1B excited state instead of the ground state.
state relaxes to a thermal equilibrium with the almost degenerate 3A state. The important
point is that this relaxation process does not involve any change of geometry of the
switch and therefore it can be expected to proceed extremely rapidly. It can therefore be
identified with the fastest time experimentally observed, i.e. the 70 fs precursor-successor
sequence. The 150 fs spectral dynamics that follows is due to motion on the 2B potential
energy surface. The change of character from 2B to 3A is experimentally confirmed
not only by the rapid changes in the pump-probe spectra, but also by the fast loss of
anisotropy, which is indicative of a rapid change in the direction of the probed dipole
moment.
For the non-switching molecules a similar coupling scheme holds. Due to the different
geometry, the relative position of the 2B and 3A states is somewhat different and also
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the coupling between these two states might be slightly modified. As a result the decay
occurs with a time constant of 325 fs instead of 70 fs. This was observed both in the pump-
probe and the transient anisotropy measurements. The major difference occurs at later
times, however. Where one conformer displays ring closure, the other cannot perform
this process due to steric hindrance of the two central CH3-groups, which prevent the
relevant C-atoms from approaching each other closely enough.
According to Fig. 6.15a, both the 2B and 3A states of the switching molecules exhibit
a high barrier along the reaction path. However, there is a lower lying state, 1B, that
does not contain the same barrier. It is therefore this state that gives rise to the actual
ring closure. Following this line of reasoning, it is the relaxation of the 2B/3A states to
the 1B state that is the rate determining step in going from the open to the closed form.
From Fig. 6.15a, it is clear how relaxation may occur: the 2B and 2A states cross a little
way along the reaction coordinate. When the C2 symmetry is broken, the crossing will
in fact be avoided. This means that there will be a conical intersection between the two
surfaces, leading to a feasible relaxation mechanism. This may be the ‘bottleneck’ process
that gives rise to the 4.2 ps transients observed in the pump-probe data. The subsequent
mixing of the near degenerate states 2A and 1B is supposed to be a fast process again,
and also the downhill motion from the open to the closed form in the state 1B will be
very rapid. This model is supported by the fact that the anisotropy in the wavelength
range 460–700 nm after a femtosecond decay recovers again on a picosecond time scale: a
B state is populated again.
The final step in the switching process, i.e. the motion along the 1B potential to the
closed form, is actually not depicted correctly in Fig. 6.15a. The energy levels are plotted
along the minimum energy reaction path in the ground state, which is not the minimum
(electronic) energy path in the 1B excited state. For the excited state minimum energy
path, the calculations give the potential energy curves shown in Fig. 6.15b. The energy
barrier in the ground state has of course increased, while the 1B excited state has come
down in energy. Since the motion along the reaction coordinate is rather fast, it is possible
that the system in the 1B state does not have enough time to find its minimum energy
configuration everywhere along this curve. In that case the potential energy surface
will be somewhat different, and the actual reaction path is best described by dynamics
simulations.44
The fact that the two states in Fig. 6.15b cross at two points means that at slightly
deformed non-symmetric geometries there will be avoided crossings so again conical in-
tersections appear. These conical intersections provide a mechanism for the relaxation
of the excited 1B state to the 1A ground state and, while the left crossing in the graph
would lead back to the original open ground state, the right crossing point leads to the
ground state of the closed switch, thus completing the switching process. The large angle
of the two potential energy curves at the first crossing point explains why hardly any
back transfer to the ground state of the open form occurs.
125















Figure 6.16: Qualitative representation of the lowest four potential energy surfaces produced
by CASSCF calculations on an unsubstituted bisthienylethene.
6.4.2 Comparison with other calculations
A number of problems arise when considering the interpretation of the TD-DFT data.
First of all, the TD-DFT calculations suggest that potential energy relaxation takes place
mainly in the initially excited (2B) state, as can be concluded from Fig. 6.15a. Second, the
observed 4.2-picosecond ‘bottleneck’ transition is positioned at the 2B/3A to 1B transition
while relaxation on the 1B potential energy surface and the transition to the ground state
are thought to be fast. At both points there is no agreement with other calculations.
An alternative interpretation of the pump-probe data is offered by CASSCF calcula-
tions performed on an unsubstituted (R=R ′=H) bisthienylethene system;45 the results
are summarized in Fig. 6.16. Much in the same way as was found from TD-DFT, the
manifold of singly-excited states obtained from CASSCF calculations features pairs of
nearly degenerate states composed of linear combinations of excitations on the left and
right chromophore. However, the manifold does not contain the ‘dark’ charge trans-
fer excitations produced by TD-DFT. Therefore in this case the linear combinations of
HOMO-LUMO excitations on the BT chromophores form the lowest-energy pair of exci-
tations. The dark 2A excited state lies slightly below the 1B state in both the open and
closed forms. From Fig. 6.16 it can be seen that potential energy relaxation is strongest
on the 2A surface, and the ground state of the closed form is most likely produced from
this (dark) state.
Semi-empirical calculations on the full B-DTCP system that do not assume strict C2
symmetry (see also Sec. 6.5.3), produce a very similar picture.1,30 They also show that
substitution of the phenyls for thienyl groups brings only small quantitative differences.
Not imposing the symmetry requirement however results in slight mixing of the 1B and
2A states. At large C–C distances the lowest-energy excited state is the 1B state (93%),
but at intermediate distances, where the energies of the two states diverge because the
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interaction between the chromophores becomes stronger, the lowest-energy excitation is
almost exclusively of A character.
The CASSCF and semi-empirical calculations arrive at similar results despite differ-
ences in the minimization procedure: in the CASSCF calculations the energy is minimized
for the individual excited states and the potential energy surfaces are then obtained by
interpolation; on the other hand, the potential energy surfaces produced by the semi-
empirical calculations are just vertical excitations from the electronic ground state. The
excited state reaction potential energy surface is therefore obtained along the minimum
energy path in the electronic ground state. This results for instance in the failure of the
ZINDO/S method to predict even approximate wavelengths of fluorescence: open-form
and closed-form fluorescence via the 2A−1A transitions on the respective sides of the 2A
energy barrier are predicted to occur at wavelengths of ca. 950 and 420 nm, respectively,
where the experimental results are ca. 400 and 610 nm.
In any case the qualitative agreement between these different methods and systems
suggests that the picture presented in Fig. 6.16 gives a good description of BTCP pho-
tochromism. It is possible that the dark bridge-to-chromophore charge transfer states are
an artefact of the TDDFT calculations.
Boggio-Pasqua et al.44 show that, while the minimum energy reaction path on the 2A
PES is of near C2 symmetry, the most probable 2A to 1A relaxation channel involves an
asymmetric conical intersection that is accessible via vibrations that break this symmetry,
as was the case for hexatriene. The authors discuss the nature of the conical intersec-
tion, and perform mixed valence bond/molecular mechanics calculations to show that the
conical intersection is easily accessible: the excess energy that is already present in the
system due to the high energy of the Frank-Condon region is dumped in other modes via
vibrational coupling. In this picture, the few-picosecond lifetime of the intermediate is
related to the time it takes for the system to reach the conical intersection region.
Finally, all calculations agree on the fact that a common intermediate exists for the
open and closed form, but that this intermediate can only be reached from the open-form
excited state via barrier-crossing. The size of the barrier then determines the quantum
yield of the ring opening. In this view, the frequency dependence of the ring-opening
quantum yield can be related to the lower barriers found in higher-energy excited states,
as discussed in section 6.3 †.
6.5 Effect of perfluorination of the cyclopentene bridge
As was mentioned in the introduction, the most commonly used diarylethenes are bisthie-
nylperfluorocyclopentenes. Fluorine atoms are strongly electronegative, and it can be
expected that this influences the reaction dynamics of the switch. Here we compare the
†Recently, it has become clear that time dependent density functional theory (TDDFT) in the local
adiabatic density approximation (ALDA) often gives poor results in describing pi−pi∗ excitation energies
in extended pi-conjugated systems.57,58
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Figure 6.17: Steady-state absorption spectra of B-DTCP in cyclohexane in the open (solid
line) and closed (dashed line) form, as well as that of B-DTFCP (open: squares, closed:
dash-dots).
efficiency of the B-DTCP switch and the ring closure quantum yield and dynamics with
that of its perfluorinated analog, B-DTFCP.59 The differences between the switching
dynamics of B-DTCP and B-DTFCP are rationalized using semi-empirical calculations.
6.5.1 Linear optical properties and photoconversion
The linear optical properties and photoconversion pathways of B-DTCP have been dis-
cussed in section 6.2. The most striking effect of perfluorination of the bridge is a sub-
stantial red shift of ca. 1500 cm−1 (0.19 eV) of the two lowest-energy absorption bands in
the closed form, as can be seen from Fig. 6.17. The redshift is readily explained by the
electron-withdrawing properties of the fluorines: electron-withdrawal lowers the electron
density on the extended pi-system; this implies smaller effects of electron repulsion and
therefore a smaller S0 − S1 energy gap. The open form on the other hand is much less
affected; this is not surprising, considering that in the open form the BT chromophores
are twisted with respect to the bridge.
The quantum yields of ring opening and ring closure of B-DTFCP upon excitation at
300 nm have been determined using the method described in section 6.3. They are 0.6±0.1
and 0.14±0.05, respectively, practically equal to the values of B-DTCP. On the other hand
the photostability of the perfluorinated switch is about 212 times higher (kb = 8.1 · 10−5
s−1 against 3.1 · 10−5 s−1 for B-DTCP).
6.5.2 Pump-probe dynamics
As discussed above, the photoinduced dynamics during the ring closure reaction of B-
DTCP can be divided into three dynamic windows, i.e. subpicosecond, few-picosecond
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and few-tens-of-picosecond, which were referred to as preswitching, ring closure and
postswitching dynamics, respectively. In the case of B-DTFCP a similar distinction
between the different time regions of the dynamics can be made. Thus, it is convenient
to compare the dynamics during the ring closure reaction of B-DTCP and B-DTFCP
within this framework.
The contour plots presented in Fig. 6.18 summarize the preswitching dynamics of B-
DTFCP. At first sight, the dynamics of B-DTFCP looks quite different from that of
B-DTCP. Contour plot a of Fig. 6.18, although resembling some aspects of Fig. 6.7 in a
general way, displays much less structure. However, it turns out that the basic processes
are the same, only less clearly observable. In contour plot b of Fig. 6.18, the time domain
experimental traces at different frequencies were normalized before the contour plot was
constructed. In this representation of the experimental data it becomes clear that again
precursor-successor dynamics occurs, and also a rapid blue shift of the second absorption
maximum. The absorption band of the originally excited state is a bit broader, from
420–450 nm, and the blue shift goes a bit farther, from 550 nm to 475 nm, but these are
relatively minor details.
The absorption spectra of the initially excited states, although somewhat different in
detail, resemble for both B-DTCP and B-DTFCP the photoinduced absorption spectrum
of the phenylthiophene chromophore. The fact that these three spectra are similar to each
other confirms the weak coupling between the chromophores in the initially excited state.
37,38,46 Ring closure does not occur immediately, on a femtosecond time scale, but rather
on a (sub)picosecond time scale. The formation of the successor state happens so fast
that the nuclear displacements, necessary for ring closure, cannot have taken place yet.
Instead, as we argued before, rapid mixing of electronic states, accompanied by motion on
the excited state potential energy surfaces, gives rise to the observed precursor-successor
behavior and rapid blue shift.
Since the spectral changes related to the precursor-successor relation are much less
pronounced in the case of the fluorinated switch, it is impossible to consider the spectral
shapes of the photoinduced absorption bands for the different species, and the explicit
model used for the nonfluorinated switch can not be applied here. However, if we fit
solely in the spectral region 580–640 nm, in the red wing of the absorption spectrum of
the successor state, we find a time constant k−1ps = 50±10 fs for the precursor-successor
relation and 120 ± 30 fs for the blue shift in the case of B-DTFCP. Apparently, the
fluorination of the central cyclopentene ring speeds up the pre-switching dynamics.
The smaller amplitude of the spectral changes found in the case of the fluorinated
species is caused by the stronger overlap between the spectra of the precursor and suc-
cessor states, by the faster dynamics and maybe by the fact that the successor state is
to some extent directly excited by the laser field, so that less population redistribution
between the states occurs.
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Figure 6.18: a and b. Contour plots representing the subpicosecond dynamics of B-DTFCP.
The x-axis represents the probe delay and the y-axis the probe wavelength. The induced optical
density is positive at all wavelengths; darker shading indicates a larger value of ∆OD. b is
generated from normalized transients.
Following the preswitching dynamics, the intermediate excited state of B-DTCP was
found to relax to the hot ground state of the closed form with a time constant of 4.2 ±
0.6ps. The decay of the successor state absorption at 490 nm, discussed above and the
formation of the closed form ground state absorption at 530 nm (see Fig. 6.17) is evidence
for this process. In the case of B-DTFCP multi-exponential fits of the transients disclose
several processes, that we will discuss one by one. These processes occur with time
constants of 170± 20 fs, 0.9± 0.1ps and 7± 1 ps.
The dominant time constant is 0.9 ps, which resembles the previously reported values
of 1–3 ps that were obtained for different types of bisthienylperfluoro-cyclopentenes and
were ascribed to the ring closure process in the central part of the molecule.37,38,42 The
assumption that the ring closure is involved is supported by the fact that a decay with this
time constant is seen in spectral regions where absorption of the closed-ring conformer
is negligible, whereas a rise with this time constant is observed at wavelengths close to
the maximum of steady state absorption of the closed form of B-DTFCP, as shown in
Fig. 6.19a. Therefore, it can be concluded that the 0.9 ps process is caused by the ring
closure, i.e. by the transition from the successor excited state that is populated in the
preswitching dynamics to the ground state of the closed form. Consequently, it can be
concluded that fluorination of the central cyclopentene ring speeds up the ring closure by
about a factor of 4.7 compared to the nonfluorinated molecule in case of this particular
photochromic switch.
After switching of B-DTFCP has occurred, still the steady-state spectrum of the closed
form is not obtained. Apart from dynamics at tens of picoseconds, to be discussed below,
after the 0.9 ps decay has taken place a strong feature is seen at about 475 nm. Fig. 6.19b
displays how this band and also some absorption on the far red side at about 690 nm
decays with a time constant of 7 ps. From the analogy between the observations made in





























Figure 6.19: Spectral dynamics of B-DTFCP on a picosecond time scale. a. The weight of
the 0.9 ps process (dots and dashed line, right y-axis) together with the steady state absorption
spectrum of B-DTFCP in the closed form (solid line, left x-axis). b. Pump-probe spectra at
probe delays of 1, 5, 20 and 100 ps, from top to bottom. The arrows indicate the disappearance
of the absorption of the non-switchable conformers with a time constant of 7 ps. The steady
state absorption spectrum of B-DTFCP in the closed form is given by the dashed line.
absorption band of the non-switchable conformers of the fluorinated molecules. Appar-
ently, the fluorination not only speeds up the switching process, but also the internal
conversion between the S1 and S2 potential energy surfaces of non-switchable molecules,
so that the relaxation goes from 100 ps for B-DTCP to 7 ps for B-DTFCP. This may be
part of the explanation for the higher photostability of the fluorinated analogs.59
On the blue side of the spectrum a weak process with a time constant of 170 fs is
observed. This also resembles the case of B-DTCP, where an extra decay with a time
constant of 325 fs had to be added in order to fit the pump-probe transients in the
spectral region where the nonswitchable conformers absorb. The process was attributed
to the ultrafast state mixing of the initially excited state of the nonswitchable conformers,
similar to the preswitching dynamics of the switchable conformers. In the case of the
fluorinated analog B-DTFCP the 170-fs component possesses the same spectral behavior,
i.e. its relative weight follows the photoinduced absorption spectrum of the nonswitchable
conformers.
On a few tens of picoseconds time scale, some absorption changes occur in addition to
the ones described previously. As can be seen in Fig. 6.19b, the maximum of the ground-
state absorption band of the closed form undergoes a small redshift under the influence of
the 7 ps decay of the 475 nm band. Fig. 6.19b also shows that spectral narrowing proceeds
on a much slower time scale. Even at the longest delay the steady state absorption
spectrum has not been fully obtained. A similar situation was observed in the case of the
nonfluorinated switch, for which it was concluded that the spectral narrowing indicates
vibrational cooling of the closed-form ground state. This occurs for B-DTFCP with a
time constant of about 100 ps.
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Finally, we note that the fluorescence maxima of B-DTCP and B-DTFCP are both
positioned at ca. 360 nm (not shown). Because the fluorescence spectra of the switches
should be dominated by the nonswitching conformers due to their larger excited-state
lifetime, the influence of the fluor atoms on the fluorescent state of the non-switching
conformer is negligible. Again, this is not surprising in view of the idea that the angle be-
tween the phenylthiophenes and the cyclopentene bridge stays large for these conformers
and consequently their interaction stays weak.
6.5.3 Discussion
As shown for B-DTCP and B-DTFCP, excited-state preswitching dynamics occurs on
ultrafast time scales. This means that in principle a time resolution of a few tens of fem-
toseconds is necessary in order to be able to trace these processes. Moreover, the presence
of preswitching is not always easily detectable. For B-DTCP a rather clear picture of the
ultrafast dynamics could be easily constructed from the experimental data. However,
upon fluorination all processes speed up considerably and in addition the preswitching
dynamics is obscured by the fact that the photoinduced absorption bands of the initially
excited precursor state and the successor state strongly overlap. This leads to relatively
small experimental signatures of the dynamics that takes place.
In order to obtain a better understanding of the observed speeding up of both the
preswitching dynamics and the ring closure upon fluorination, semi-empirical calculations
of the ground and excited states of B-DTCP and B-DTFCP were compared. Ground-
state structure optimization was performed at a series of fixed carbon-carbon distance
using the AM1 method, while subsequently the manifold of excited states was calculated
using the ZINDO/S method with configuration interaction using 10 occupied and 10
unoccupied molecular orbitals. The calculations were performed for conformations that
have approximate C2 symmetry, which are the switchable molecules, but no symmetry
restrictions were imposed on the system (see also Sec. 6.4.2). The relevant potential
energy surfaces are plotted in Fig. 6.20.
The ground-state potential features minima for large (about 3.8Å) and small (about
1.5Å) carbon-carbon distances. These can be assigned to the open and closed form,
respectively. Vertical excitation of the open form brings the switch into a region with a
high density of electronic states, some of which are dark. Following the excitation we can
therefore expect that fast mixing of these close-lying states takes place. This explains the
fast precursor-successor relation observed in the pump-probe experiments.
As was found previously by Guillaumont et al.45 and is shown in Fig. 6.20a for B-
DTCP, the first few excited states of the open form come in nearly degenerate pairs,
which under strict C2-symmetry restrictions would closely resemble the symmetric and
antisymmetric linear combinations of excitations on the thienyl chromophores. Fig. 6.20b
shows that fluorination of the bridge decreases the energy separation between the first
and second excited-state pairs to the extent that they cannot be distinguished anymore.
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Figure 6.20: Ground- and excited-state potential energy surfaces of B-DTCP (a) and B-
DTFCP (b), calculated using semi-empirical methods (see text). The PES are drawn as func-
tions of the separation between the central carbon atoms, as in section 6.4. Black lines/dots
indicate the ground state as well as excited states that have strong oscillator strength from
the ground state. Grey lines/squares denote (nearly) dark states. The 0 in energy denotes
the vacuum level.
This is reflected in the absorption spectra of the open forms of B-DTCP and B-DTFCP:
the two bands that dominate the absorption spectra of the open forms in Fig. 6.17 in the
spectral region above 30000 cm−1 are better separated in the perhydro case. Also, the
smaller separation between the excited-state pairs in the case of the perfluoro-switch is
expected to result in faster state mixing, which explains the observed speeding up of the
precursor-successor relation.
The form of the S1 excited state potentials in Fig. 6.20 indicates that relaxation will
take place, reducing the C–C distance from about 3.8Å after optical excitation of the
open form to about 2.2Å at the minimum of the excited state potential. We identify the
observed subpicosecond spectral shift with this relaxation. The energy lowering due to
this partial ring closure in the excited state is larger in the case of B-DTFCP and the
ground and excited state potentials therefore approach each other closer than in B-DTCP.
This larger energy relaxation in B-DTFCP is caused by the interaction of the fluorine
atoms on the pi-electron system. Whereas this interaction is rather weak in the open form,
it becomes stronger when the chromophores become more coplanar with the cyclopentene
bridge and the pi-electrons start to delocalize over the central bridge, i.e. when going to
smaller C–C distances. This energy lowering effect was already mentioned in section
6.5.1, where the red shift was discussed of the absorption spectrum of the closed form
of B-DTFCP compared to B-DTCP. As a result of the closer approach of the S1 and S0
energy surfaces at a C–C distance of about 2.2Å, internal conversion to the ground state
is faster for B-DTFCP and the formation of the closed form occurs at a substantial higher
rate, in accordance with the observations.
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6.5.4 Conclusions
A comparison of the population dynamics during ring closure revealed similar pathways
of the reactions in the two cases. Semi-empirical calculations provided a general picture
of the reaction pathway: first, the initially excited state rapidly mixes with nearby dark
states, which is followed by excited state relaxation to a partially ring-closed state. Sec-
ond, population transfer to a hot ground state of the closed form takes place; this we
term the actual switching process. Third, the vibrationally hot ground state of the closed
conformer relaxes to thermal equilibrium. This completes the switching process. Simul-
taneously, relaxation of conformers that are not capable of switching due to symmetry
reasons, experience also preswitching dynamics (state mixing) and population relaxation
to the ground state of the open form.
From the comparison of the dynamics of B-DTCP and B-DTFCP it is evident that the
fluorination of the central cyclopentene ring causes faster preswitching. Speeding up of
the state mixing process from 70 to 50 fs can be rationalized by the fact that the density
of states near the initially excited, bright state is higher. The excited state relaxation
occurs somewhat faster, from 150 to 120 fs, due to the slightly larger slope of the excited
state potential.
Fluorination also speeds up the rate of the switching dynamics, from 4.2 to 0.9 ps. The
ring closure occurs due to internal conversion from the excited to the ground state in a
partially ring closed configuration at a central carbon-carbon atom distance of about 2.2Å.
The increased rate is explained by the smaller energy separation of the S1 and S0 potential
energy surfaces of B-DTFCP near the crossing region. The quantum yield is unaffected
because in the case of the nonfluorinated compound the reaction already proceeds at near
100% efficiency for the molecules which have a suitable (near C2) conformation. However,
in applications where there are competing processes on a few-picosecond timescale (for
instance resonance energy transfer between neighboring chromophores), the ring closure
quantum yield of the perfluoro switch is predicted to be generally higher.
While the characteristics of the dynamical processes point to the fluorinated switch
as being better, i.e. faster and more efficient, than the nonfluorinated switch, the latter
provides a clearer experimental picture of the mechanisms that are involved. The analysis
of the dynamics in the case of B-DTFCP is rather complicated because the photoinduced
absorption spectra of the initially excited state, the successor state and the excited state
of the non-switching conformers largely overlap. This is in contrast with the case of the
nonfluorinated switches where these spectra are fairly clearly separated. This makes the
nonfluorinated analog a better model system for fundamental investigation of the reaction
dynamics in bisthienylethenes.
6.6 Experimental
B-DTCP was synthesized starting from 1,2-Bis(5’-chloro-2’-methylthien-3’-yl)cyclopente-
ne via a Suzuki-reaction according to a slightly modified procedure described by Lehn
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et al.60 The same synthetic route was used for B-DTFCP, but starting from 1,2-bis(5’-
chloro-2’-methylthien-3’-yl)perfluoro-cyclopentene.61
For the pump-probe and fluorescence experiments, B-DTCP and B-DTFCP were both
dissolved in cyclohexane (p.a., Merck) at a concentration of 0.7mM. The total sample
volume was about 30mL, and the optical pathlength of the cell 0.2mm. The optical
density of the sample did not exceed 0.3, ensuring homogeneous excitation. The experi-
ments were performed at room temperature (T = 294K). The sample was replaced after
every 7 hours of measurements in order to keep the concentration of the closed form low
(see Sec. 6.3.1). For the fluorescence experiments on the closed form, the sample was first
irradiated in the UV in order to obtain the photostationary state.
The time resolution of the pump-probe experiments is probe wavelength dependent.
In the spectral region 460–750 nm the duration of the probe pulses is about 30 fs and
the time resolution is mainly determined by the duration of the pump pulse. The cross-
correlation function of the pump pulse centered at 310 nm and the probe pulse centered
at 600 nm has a width of about 90 fs FWHM. The probe pulses produced by generating
second harmonics from the NOPA output are slightly stretched because of the spectral
filtering in the BBO doubling crystal. For the wavelength range of 380–450 nm (second
harmonics from 760-900 nm light) the time resolution is degraded to about 110 fs because
of strong spectral phase distortion of the white light around the carrier wavelength of
800 nm.
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